The effects of placing solid implants containing Fe sulfate in branches of Fe-deficient pear and peach trees on the composition of the xylem sap have been studied. Iron sulfate implants are commercially used in northeastern Spain to control iron chlorosis in fruit trees. Implants increased Fe concentrations and decreased organic acid concentrations in the xylem sap, whereas xylem sap pH was only moderately changed. The citrate to Fe ratios decreased markedly after implants, therefore improving the possibility that Fe could be reduced by the leaf plasma membrane enzyme reductase, known to be inhibited by high citrate/Fe ratios. In peach, the effects of the implants could be observed many months post treatment. In pear, some effects were still observed one year after the implants had taken place. Results obtained indicate that solid Fe sulfate implants were capable of significantly changing the chemical composition of the xylem sap in fruit trees.
Introduction
Iron has a direct physiological role in plants in processes such as photosynthesis, respiration and nitrogen fixation. Once leaves become Fe-deficient, they develop chlorosis and are unable to carry out enough photosynthesis to sustain normal plant growth and development (Miller et al. 1984) . When plants are grown under Fe deficiency, organic anions (mainly citrate and malate) accumulate in all plant parts, including roots, xylem sap, leaves and apoplastic fluid (see review by Abadía et al. 2002) . Fe deficiency in sugar beet leads * E-mail corresponding author: mabadia@eead.csic.es to increases in xylem sap and apoplastic fluid organic acid concentrations (López-Millán et al. 2000) . Little information is available on the effect of Fe deficiency on the organic acid concentrations in xylem sap and leaves of fruit trees. In peach tree xylem sap, where the major organic anions are succinate, malate, malonate and citrate, experiments have shown small increases in malate with Fe deficiency (Chatti 1997) . Iron deficiency also increased the total concentration of several organic anions in leaf apoplastic fluid and whole leaves of field-grown pear (López-Millán et al. 2001b) .
Iron fertilization increased chlorophyll (Chl) concentrations and restored photosynthetic activity in Fe-deficient apple, pear and peach trees (Hurley et al. 1986 , Fernández-Escobar et al. 1993 . Iron fertilization also changes organic acid metabolism, as Fe supply to sunflower and sugar beet plants has been shown to decrease organic anion concentrations, mainly citrate and malate, both in xylem sap and in whole leaves (Brown and Tiffin 1965 a, b, López-Millán et al. 2001a ).
The accumulation of organic anions in Fe-deficient plants has been suggested to play several roles. First, it may be involved in long-distance Fe transport, as citrate is associated with Fe(III) in xylem sap , White et al. 1981 , López-Millán et al. 2000 . In addition, organic acid excretion from plant roots may improve plant Fe availability in the rhizosphere by different mechanisms (Jones 1998 , Ström 1997 , Tyler and Ström 1995 . Organic acids have been proposed to be the source for H + released by the roots (Landsberg 1981) , and increases in root citrate under Fe deficiency could control cytoplasmic pH during enhanced proton extrusion (Landsberg 1986). Recently, it has been reported that a possible function of the organic anion export from roots is to use C compounds in leaves for basic maintenance processes such as respiration . The aim of this work was to test the following hypothesis, what effect or change on the chemical composition of the xylem sap comes from placing implants containing Fe sulfate in branches of Fe-deficient peach and pear trees. Experiments were carried out with peach and pear fruit trees grown in the field, and xylem sap was analyzed for Fe and organic acid concentrations and pH.
Materials and Methods

Plant material
Peach (Prunus persica L. Batsch.) trees growing in a calcareous soil in an orchard with clear Fe chlorosis were used. The orchard (cv. ‹Ba-bygold 7› grafted on peach seedling, 22 year old, with a frame of 4 × 5 m) was located in El Temple, Huesca, Spain. The soil has a clayloamy texture, with 32 % total Ca carbonate, 12.6 % active lime, 1.89 % organic matter, pH in water 8.4 and high permeability. Pear (Pyrus communis L.) trees growing in calcareous soils and affected by Fe chlorosis were also used. The orchard is located in San Bruno (Servicio de Investigación Agroalimentaria, Diputación General de Aragón) in the Aula Dei Campus (Zaragoza, Spain). The soil of this site has clay-loamy texture, with 31 % total Ca carbonate, 9.9 % active lime, 2.86 % organic matter and pH in water 8.0. Twenty-year-old trees of the cultivar Blanquilla (Agua de Aranjuez), grafted on quince A EM and with a frame of 5 × 4 m, were used. Both rootstock/scion combinations are commonly affected by Fe chlorosis in calcareous soils. In both orchards irrigation was carried out by flooding.
Iron treatments consisted in implanting solid ferrous sulfate pills (Promi-Ferro, Promisol S.A., Spain). Pills (20 × 8 mm) had a total product weight of approximately 2 g and were composed of 80 % Fe(II)SO 4 · 7H 2 O, with other components necessary for pelleting (10 % sucrose, 5 % Mg estearate and 5 % talcum powder). This is equivalent to approximately 320 mg Fe/pill. Pure Fe sulfate is known to produce serious burns in the tree, and therefore its use is not recommended.
The capsules used in this experiment lead to a slow release of Fe and do not induce burning. Capsules were placed in holes 8 mm in diameter and 20 mm deep, made with an electric driller, and the hole was sealed with mastic. The applied dose depended on the perimeter of the branch. Between 3 to 5 capsules per branch were implanted in branches 21-35 cm of perimeter (one capsule per approximately 7cm of trunk perimeter). Implants were done in a helix-type shape, starting from the base of the branch.
In the peach orchard, implants were made in February 2000 in 8 east-oriented branches, each in a different Fe-deficient tree. In February 2001, 5 similar branches, each in a different tree (different from those treated on 2000) were also treated. The rest of the branches of each tree were used as Fe-deficient controls. In the pear orchard, implants were made in August 1999 in 4 branches, each in a different Fe-deficient tree, and the untreated branches were used as controls. All measurements were made between May and August in 2000 and 2001.
Xylem sap isolation from trees grown in the field
Isolation of xylem sap was made at 60 and 120 days after full bloom (DAFB) in 2000 and 2001. Current year shoots were taken from treated and untreated branches of pear and peach trees between 7 and 8 h a.m. (solar time). Shoot pieces (cuttings) 20 -25 cm in length were excised and brought to the laboratory, the cut end immersed in water to prevent drying. The cutting was devoid of the basal 3 -4 cm of the bark next to the cut surface, which was then rinsed with deionised water. The cutting was then placed in a Schölander chamber with the distal end, including leaves, inside the pressure chamber. Pressure was then applied in a step-wise manner, approximately from 10 to 15 and from 15 to 20 bars in cuttings from peach and pear trees, respectively (Chatti 1997) . Xylem sap was collected for 3 -5 min in Eppendorf tubes, discarding the first few drops of exudate to avoid contamination. Total xylem sap volume was approximately 200 -500 µL per cutting. Malate dehydrogenase activity was used as a cytosolic contamination marker for xylem sap (López-Millán et al. 2001 b) . The level of contamination was always very low, below the detection range.
Organic acid analyses
Xylem sap samples were first filtered with a 0.5 µm filter (LIDA, Kenhosa, WI, USA). Organic acids were analyzed by HPLC using a 300 × 7.8 mm Aminex ion-exchange column (HPX-87H from Bio-Rad, Hercules, CA, USA) with a HPLC Waters system, including a 600E pump, a 996 photodiode array detector and the Millennium 2010 software. Samples were injected with a Rheodyne injector (20 µL loop). Mobile phase (8 mmol/L sulphuric acid) was pumped with a 0.6 mL min -1 flow rate. In peach and pear xylem sap samples, peaks corresponding to oxalate, succinate, malate, citrate, malonate, formate and fumarate were identified by comparison of their retention times with those of known standards from Bio-Rad and Sigma.
pH measurements
Xylem sap pH was measured directly with a microelectrode (Metrohm AG 9101, Herisau, Germany).
Total chlorophyll analysis
The concentration of Chl per unit area was estimated in attached leaves using a SPAD portable apparatus (Minolta Co., Osaka, Japan). For calibration, leaf disks were first analysed with the SPAD apparatus and then frozen in liquid N 2 . Pigments were then extracted with 100 % acetone in the presence of Na ascorbate, and extracts were analysed spectrophotometrically.
Iron concentration
Xylem sap Fe was determined by graphite furnace atomic absorption spectrometry (Varian SpectrAA with Zeeman correction). Each sample was analyzed in triplicate.
Statistical analyses
Statistical analyses were conducted by one factor ANOVA using the SPSS Base 8.0 software (Chicago, IL, USA). Comparisons were made in order to assess the significance of treatment effects at every sampling time.
Results
Leaf chlorophyll concentration changes after Fe implants
In peach, Fe implants were made in late winter in February 2000, and leaf Chl concentration was measured later in the same year (Fig. 1 ). An identical experiment was repeated in different branches in 2001. In all cases Chl a and b increased markedly with Fe implants. In the non treated branches, Chl decreased during the year (Fig. 1) , as indicated previously (Belkhodja et al. 1998 ).
In pear, where treatments were made in 1999 and leaf Chl was measured during the next year, Chl also increased markedly with Fe implants (Fig. 2) .
Iron concentration in xylem sap after Fe implants
The concentration of Fe in peach xylem sap was increased by branch Fe implants both years at both sampling dates. Iron concentration increased by 2.8-and 3.2-at 60 DAFB and 2.5-and 3-fold at 120 DAFB, respectively, in 2000 and 2001 (Figs. 3 A, B) .
In pear, xylem sap Fe concentrations were higher in treated than in untreated branches at 60 and 120 DAFB in 2000, although differences were only significant at p < 0.05 at the 60 DAFB sampling time (Fig. 4) . In the following year (2001), Fe concentrations in xylem sap were similar in treated and untreated control branches at 60 DAFB, whereas as 120 DAFB Fe concentrations were even somewhat lower in treated branches than in the controls (Fig. 4) .
Changes in xylem sap pH of pear and peach after Fe implants
Effects of Fe implants on peach xylem sap pH were minor. Xylem pH decreased slightly after implants were made, although the decreases were not statistically significant at p < 0.05 (Figs. 5 A, B) .
Pear xylem sap pH was lower in 1999-treated branches than in the untreated controls at 60 and 120 DAFB in 2001 (two years after the treatment), whereas no significant differences were found in 2000 (Fig. 6) . 
Changes in xylem sap organic anions in pear and peach after Fe implants
Major organic anions in peach were malate, citrate, succinate, fumarate, formate and malonate. Carrying out Fe implants in Fe-deficient peach branches caused a general decrease in the concentrations of xylem sap organic acids, at the two sampling dates and in two different years. The concentrations of all organic acids in peach xylem sap decreased markedly in treated branches at 120 DAFB in 2000 and 2001, compared to untreated control branches (Figs. 7 A -F). Citrate and malate concentrations at 120 DAFB were approximately 5-17 % and 38 -55 %, respectively, of those found in untreated branches in both years. At 60 DAFB, however, only citrate and malate were consistently and significantly decreased in both years (Figs. 7 A, B) , whereas succinate, formate and fumarate were decreased only once. In most cases, the concentrations of xylem sap organic acids in untreated control branches was higher at 120 than at 60 DAFB, except for malate, one time.
Major organic anions in pear xylem sap were citrate, malate, formate, oxalate and malonate. Iron implants placed in 1999 caused a slight decrease in xylem sap citrate, malate, formate and malonate concentrations at 60 DAFB, both in 2000 and 2001 (Figs. 8 A, B, C, E) . In the year 2000, citrate, malate, formate, oxalate and malonate concentrations were lower at 120 DAFB in treated than in untreated control branches, whereas in the second year after Fe implants (2001), concentrations of these organic acids tended to be higher in treated branches than in untreated controls, excepting for oxalate (Figs. 8 A -E) . Most of these differences, however, were not significant at p < 0.05.
Citrate to Fe ratio in xylem sap after Fe implants
The branch Fe implant treatments caused a marked decrease of the citrate/Fe ratio in peach trees at the two sampling dates and in both years. Differences were more marked at 120 than at 60 DAFB (Figs. 9 A, B) . Citrate/Fe ratios in treated branches were approximately 8 -20 in all cases, whereas in untreated branches they were in the range 75 -565.
In pear, Fe implants made in 1999 also decreased significantly the citrate/Fe ratios in 2000, but not in 2001 (Fig. 10) . The citrate/Fe ratios in untreated control branches were 2-to 3-fold higher than in treated branches at 60 and 120 DAFB in 2000.
Discussion
Treating branches of Fe-deficient peach and pear trees with solid Fe sulphate implants controlled chlorosis, causing a marked regreening of leaves previously yellow. Iron implant treatments caused changes in the chemical composition of xylem sap, including concentrations of organic anions, Fe concentrations and pH, both in pear and in peach.
Iron implants increased Fe concentrations in xylem sap during long periods of time. In peach major increases in Fe were found even 8 months after implants were made. In pear the effect was evident 12 months after placing the implants, whereas two years after Fe implants were made xylem sap Fe concentrations were similar or lower in the treated branches than in the untreated control branches. These data indicate that part of the Fe in the pill or around the pill injection area is stable for months in forms available to the plant. Xylem sap Fe concentrations have been previously reported to be lower in Fe-deficient than in Fe-sufficient plants in tomato, soybean and sugar beet (White et al. 1981 , López-Millán et al. 2000 .
In our studies the changes in xylem sap Fe concentrations were accompanied by small, often not significant, pH decreases, both in pear and peach trees. A significant pH decrease occurred even many months after the treatment in pear. Iron deficiency has been reported previously to cause only small increases in peach xylem sap pH (Chatti 1997) , whereas in other plants xylem sap pH may either increase (white lupin, Pissaloux et al. 1995 ), decrease (tomato, Bialczyk and Lechowski 1992 , sugar beet, López-Millán et al. 2000 or not change (faba bean, Nikolic and Römheld 1999) with Fe deficiency. In pear leaves, Fe deficiency has been reported to cause an increase in apoplastic pH from 5.5 to 5.9 (López-Millán et al. 2001b) . The effects of pH on FC-R reduction in leaves are possibly very large (Kosegarten et al. 1999) .
Xylem sap organic acid concentrations were lower in peach branches that had received Fe implants than in untreated controls. In peach the xylem sap organic acid decreases were found 6 months after implanting the Fe pills, whereas in pear some decreases (i.e., for citrate) were found even 20 months after placing the pills. Xylem sap citrate and malate concentrations are known to be high in many plant species under Fe deficiency (Nikolic and Römheld 1999 , López-Millán et al. 2000 , although in peach trees only malate was found to increase with Fe deficiency in a previous study (Chatti 1997) . The increase of the organic acid concentrations at 120 DAFB in untreated peach control branches, when compared to 60 DAFB, can be due to the aggravation of chlorosis during the year.
The peach xylem sap citrate/Fe ratios were lower in branches receiving Fe implants than in untreated controls, at both sampling dates and in both years of study. This decrease was due to concomitant increases in Fe concentrations and decreases in citrate concentrations. In the xylem, Fe is thought to be transported to the leaves as Fe(III), probably chelated by citrate , White et al. 1981 , López-Millán et al. 2000 , for a review see Abadía et al. 2002) . The citrate/Fe ratios are known to be high under Fe deficiency in xylem sap (Nikolic and Römheld 1999, López-Millán et al. 2000) and leaf apoplastic fluid (López-Millán et al. 2001b) .
It is likely that the xylem sap citrate/Fe ratio decreases found in peach and pear after Fe implants may result in similar changes in the citrate/Fe ratio of the apoplastic fluid, which would in turn facilitate Fe uptake by the mesophyll cells. Leaf mesophyll FC-R activity, which is low in Fe-deficient peach (Larbi 1999) , is likely to increase upon Fe resupply because of two factors. First, any increase in Fe concentrations in the apoplastic fluid would result in an increase in net FC-R physiological activity (Larbi et al. 2001) . Second, the decrease in citrate/Fe ratio itself may increase FC-R activ- ity, since it has been reported that high citrate/Fe ratios in the leaf apoplast could inhibit Fe uptake by mesophyll cells (González-Vallejo et al. 1999) . It has been impossible so far to obtain leaf apoplastic fluid from peach in quantities needed for analysis, because leaves are very thin and contain very small amounts of apoplastic fluid (not shown). Experiments designed to study the effect of Fe implants on leaf Fe uptake in the case of pear, where leaf apoplastic fluid could be obtained (López-Millán et al. 2001 b) , will be the focus of future studies.
